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 Dynamic mode interaction between fundamental and second-harmonic modes has been observed in 
high-power sub-terahertz gyrotrons [T. Notake et al., Phys. Rev. Lett. 103, 225002 (2009); T. Saito et al. 
Phys. Plasmas 19, 063106 (2012)]. Interaction takes place between a parasitic fundamental or first-
harmonic (FH) mode and an operating second-harmonic (SH) mode, as well as among SH modes. In 
particular, nonlinear excitation of the parasitic FH mode in the hard self-excitation regime with assistance 
of a SH mode in the soft self-excitation regime was clearly observed. Moreover, both cases of stable two-
mode oscillation and oscillation of the FH mode only were observed. These observations and theoretical 
analyses of the dynamic behavior of the mode interaction verify the nonlinear hard self-excitation of the 
FH mode.




































PACS numbers: 52.59.Rz, 07.57.Hm, 52.70.—m,  84.40.Ik
oscillation of hundreds of kilowatts was realized in the 
centimeter wavelength region  [13]. In the sub-terahertz 
range, a 20 kW level SH oscillation was realized [14]. 
Very recently, a sub-terahertz SH oscillation approaching 
100 kW has been demonstrated [15-17]. 
 As the beam voltage V_k or thebeam current  I_b increases, 
a chance for mode interaction rises. Figure 1 plots the start 
oscillation currents of relevant modes including the oper-
ating SH  TE17,2 mode and the parasitic FH  TE4,3 mode in 
the gyrotron studied in Ref. [17]. The resonance frequency 
of the  TE17,2 mode is about 390 GHz and that of the TE4,3 
mode is about 203 GHz. Moreover, several SH modes are 
distributed within a narrow region. The condition for the 
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 FIG.  2 (color online). Oscillation intensities for 
(a) V_k = 50 kV and (b) V_k = 60 kV are plotted as functions 
of the cavity field. Solid lines represent signals with the high-
pass filter; dashed lines are those without the high-pass filter.
 Figure 3 displays the transmission signal from a 
Fabry-Perot interferometer as a function of the distance 
between reflecting meshes. The beam voltage was 60 kV. 
Figure 3(a) is the transmission signal at 7.6 T; Fig. 3(b) is 
for 7.68 T. Figure 3(a) shows a single-mode SH oscillation, 
identified as the TE17,2 mode from accurate frequency 
measurements using a heterodyne receiver system [17]. 
At 7.68 T, the SH oscillation power decreased [Fig.  2(b)] 
and the FH mode oscillation increased. Figure 3(b) in-
cludes two peak trains with different intervals. The train 
with lower peak values is attributed to the  TE17,2 mode; the 
higher-peak train has a longer interval about twice as long 
as that of the  TE17,2 mode. Frequency analysis identifies it
FIG. 3. Transmission signals through a Fabry-Perot interfer-
ometer plotted as functions of distance between the reflecting 
meshes: (a)  B_c = 7.6 T and (b)  B_c = 7.68 T. The beam voltage 
V_k was 60 kV; the beam current  I_b was 10 A.
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FIG. 4. Frequency spectra for the intermediate frequency 
signal from the harmonic mixer of the heterodyne receiver 
system: (a) R_b = 1.97 mm and (b) R_b = 2.05 mm. The abscissa 
is converted to a rf scale.
as the  TE4,3 mode. Simultaneous oscillation of the SH and 
FH modes was observed. 
 The secondobservation concerns the interaction among 
SH modes. Figure 4 plots frequency spectra of the inter-
mediate frequency signal from a harmonic mixer of the 
heterodyne receiver. The cavity field was 7.6 T correspond-
ing to the peak of the SH mode signal in Fig. 2(b). Only one 
peak corresponding to the  TE17,2 mode is distinguished in 
Fig. 4(a) for the same condition as the highest power 
oscillation [17]. The electron beam radius R_b was set at 
1.97 mm where the coupling coefficient of the competing 
 TE1,8 mode is almost zero. A small variation of R_b resulted 
in a new peak as shown in Fig. 4(b). The frequency interval 
between the two peaks is just equal to the difference 
between the frequencies 388.89 GHz of the  TE17,2 mode 
and 387.77 GHz of the  TE1,8 mode. Simultaneous oscil-
lation of two SH modes was observed. 
 We discuss next the dynamic behavior of the observed 
mode interactions. Figure 5 represents mode interaction 
calculations [17,24] for R_b = 1.97 mm. The calculation 
producing Fig. 5(a) takes into account four SH modes, 
 TE3,7,  TE1,8,  TE17,2, and TE8,5, whereas for Fig. 5(b) these 
modes are not included. The range of  B_c for the  TE4,3 
mode oscillation substantially extends to the low field side 
in Fig. 5(a) as compared with the range in Fig. 5(b). There 
is no oscillation gap around 7.7 T in Fig. 5(a). The  B_c 
region of the  TE17,2 mode oscillation agrees well with that 
in Fig. 2(b). Temporal evolution of the relevant modes 
calculated at  B_c = 7.69 T under fixed voltage and current 
is plotted in Fig. 6. The  TE17,2 mode is first excited, and 





oscillation is established within tens of nanoseconds, that 
being much shorter than the pulse width. Therefore, the 
experimental observation shown in Fig. 3(b) corresponds 
to the steady state. 
 Mode interaction in gyrotrons has been discussed 
from various angles. Hard self-excitation of an SH mode 
with the help of a parasitic FH mode was theoretically 
found [25]. However, the SH  TE17,2 mode is self-excited, 
and moreover, the condition requiring instant rise of 
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for which only one-mode oscillation is stable, to weak 
coupling for which two modes coexist. 
 In summary, both experimental and theoretical analyses 
verify the interaction between FH and SH modes as the 
observation of the nonlinear excitation of the  FH mode in 
the hard self-excitation regime. These modes are strongly 
coupled and stable two-mode oscillation as well as oscil-
lation of the FH mode only were observed. 
 The present study was supported by programs of the 
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